serotype 9 were diluted in sterile PBS to their final titer and were injected into the GPe (135 nl at AP -0.46 mm, 143 ML +1.97 mm, DV -4.0 mm from bregma) alone or concomitantly with MFB 6-OHDA injections (see above). 144
CreOn hSyn-DIO-hM3Dq-mcherry (5.7 × 10 12 genomic copies/ml) AAV serotype 8 was not further diluted and 145 was injected bilaterally into the GPe (135 nl at AP -0.35 mm, ML ±2.2 mm, DV -3.6 mm and -4.1 mm from 146 bregma). Viruses and procedures for monosynaptic retrograde labeling have been previously described (Guo et 147 al., 2015) . 148 
149
Immunohistochemistry. Mice aged postnatal day 55-80 were anaesthetized deeply with a ketamine-150 xylazine mixture and perfused transcardially first with PBS or 0.9% saline solution followed by fixative 151 containing 4% paraformaldehyde, pH 7.4. Tissue was then postfixed in the same fixative for an hour at 4 ºC. 152
Tissue blocks containing the dStr and the GPe were sectioned using a vibrating microtome (Leica Instrument) 153 at a thickness of 50-70 µm. Floating sections were blocked with 2.5-10% (vol/vol) normal goat or donkey 154 serum (Gibco) and 0.1% (vol/vol) Triton X-100 in PBS for 30-60 min and subsequently incubated with 155 primary antibodies in the same solution for 16-24 hrs at 4 °C. Primary antibodies used in this study include: 156 GFP (Abcam, 1:1,000), HuCD (Life Technologies, 1:1,000), parvalbumin (Synaptic Systems, 1:500), RFP 157 (Abcam, 1:500), and vesicular GABA transporter (Synaptic Systems, 1:500). After washes in PBS, the sections 158 were incubated with Alexa-conjugated IgG antibody (Molecular Probes) at room temperature for 2 hours. The 159 sections were then washed, mounted, and coverslipped. Immunoreactivity was examined on laser-scanning 160 confocal microscope (Olympus Optical). For axonal density measurements, a region of interest (ROI) was 161 selected at a comparable position for each striatal section. Background fluorescence was then subtracted from 162 each pixel in the ROI. Mean pixel intensities were subsequently measured and normalized to GPe fluorescence 163 level in each mouse. For rabies virus-tracing experiments, image stacks of the GPe were acquired at 25× on a 164 laser-scanning confocal microscope (Olympus Optical) and were then analyzed by two individuals, including 165 one who was blinded to the experimental conditions. The number of retrogradely-labeled cells within the GPe 166 and their expression of parvalbumin were determined by visual inspection of all three orthogonal planes in Fiji 167 (Schindelin et al., 2012) . 168 169
Fluorescence-activated cell sorting and quantitative PCR. Experimental procedures and data 170
processing for fluorescence-activated cell sorting (FACS) and quantitative PCR (qPCR) were similar to analysis 171 in our previous studies (Sheets et al., 2011; Plotkin et al., 2014) . Ex vivo slices were prepared as described 172 above, striata were microdissected, and single-cell suspensions were generated using a combination of 173 enzymatic and mechanical dissociation procedures. dSPNs and iSPNs were purified using FACS on a cell sorter 174 (BD Biosciences), based on tdTomato or eGFP expression. Dead cells were excluded based on the 4′,6-175 diamidino-2-phenylindole (DAPI) or propidium iodide labeling. Approximately 10,000 cells from each mouse 176 were collected, lysed using RealTime ready Cell Lysis Buffer (Roche), stored at -80 ºC, and used for qPCR 177 analysis. Immediately following total RNA isolation using RNAeasy Micro Kit (Qiagen), first strand cDNA 178
For GPe recordings in the Npas1 and Pvalb Cre ;R26 LSL-tdTomato mice, the neuron identity and Cre 217 recombinase expression were determined by the somatic tdTomato fluorescence signal. 218
Recordings were made at room temperature (20-22 ºC) with patch electrodes fabricated from capillary 219 glass (Sutter Instruments) pulled on a Flaming-Brown puller (Sutter Instruments) and fire polished with a 20 microforge (Narishige) immediately before use. Pipette resistance was typically ~2-4 MΩ. For the dStr voltage-221 clamp recordings, a high chloride internal solution was used. The high chloride internal solution contained the 22 following (in mM): 120 CsCl, 10 Na 2 phosphocreatine, 5 HEPES, 5 tetraethylammonium-Cl, 2 Mg 2 ATP, 1 23 QX314-Cl, 0.5 Na 3 GTP, 0.25 EGTA, and 0.2% (wt/vol) biocytin, pH adjusted to 7.25-7.30 with CsOH. Alexa 24 594 hydrazide (10-100 μM) was also included in a subset of the recordings for morphological identification of 25 dStr neurons. For the subthalamic nucleus recordings, a low chloride internal solution was used. The low 26 chloride internal solution contained the following (in mM): 125 CsMeSO3, 10 Na 2 phosphocreatine, 5 HEPES, 5 227 tetraethylammonium-Cl, 2 Mg 2 ATP, 1 QX314-Cl, 0.5 Na 3 GTP, 0.25 EGTA, and 0.2% (wt/vol) biocytin, pH 28 adjusted to 7.25-7.30 with CsOH. For current-clamp recordings, the internal solution consisted of (in mM): 29 135 KMeSO 4 , 10 Na 2 phosphocreatine, 5 KCl, 5 EGTA, 5 HEPES, 2 Mg 2 ATP, 0.5 CaCl 2 , 0.5 Na 3 GTP, pH adjusted 30 to 7.25-7.30 with KOH. The liquid junction potential for this internal solution was ~7 mV and was not 231 corrected for. Photocurrent recordings in GPe neurons were collected with either the high chloride voltage-32 clamp internal solution or the current-clamp internal solution. All internal solutions had an osmolarity of ~300 33 mOsm/l. Somatic whole-cell patch-clamp recordings were obtained with an amplifier (Molecular Devices). The 34 signal for voltage clamp recordings was filtered at 1 kHz and digitized at 10 kHz with a digitizer (Molecular 235 Devices). For current-clamp recordings, the amplifier bridge circuit was adjusted to compensate for electrode 36 resistance and subsequently monitored. Stimulus generation and data acquisition were performed using 237 pClamp10. 38
For optogenetic and GABA uncaging experiments, blue (peak 450 nm) excitation wavelength from two 39 daylight (6,500 K) LEDs (Thor Labs) was delivered to the tissue slice from both the 60× water immersion 40 objective and the 0.9 NA air condenser with the aid of 520 nm dichroic beamsplitters (Semrock). The field of 241 illumination is ~500-700 μm in diameter. The duration for all light pulses was 2 ms for optogenetic 42 experiments and 10 ms for GABA-uncaging experiments. All recordings were made in the presence of R-CPP 43 (10 µM) and NBQX (5 µM) to prevent confounding effects of incidental activation of glutamatergic inputs. 44
Offline data analyses and curve fitting were done with MATLAB8 (MathWorks). A given event was 45 considered a successful optogenetically-driven monosynaptic response only if the amplitude exceeded four 46 times the standard deviation of the noise level in the inward direction and the response onset occurred within 247 ranges, and the whiskers represent 10-90 th percentiles. Normal distributions of data were not assumed. 291
Comparisons for unrelated samples were performed using a Mann-Whitney U test at a significance level (α) of 92 0.05. Wilcoxon signed-rank was used for pairwise comparisons for related samples with a threshold (α) of 0.05 93 for significance. Fisher's exact test was used for categorical data with a threshold (α) of 0.05 for significance. 94 Unless < 0.0001, 
Results

98
GPe axons target projection neurons and interneurons in the dStr 99
To examine the cellular connectivity between GPe and striatal neurons, optogenetics was employed in 00 conjunction with whole-cell patch-clamp recording in adult ex vivo mouse brain slices (Figure 1a) . Delivery of 301 an adeno-associated virus (AAV) expressing a Channelrhodopsin-2 (ChR2)-eYFP fusion protein under a pan-02 neuronal promoter yielded widespread infection in the GPe. In addition, this gave rise to eYFP-labeled axonal 03 processes terminating throughout the dStr (Figure 1b) . The VGAT-immunoreactive puncta on these axons 04 suggest that they have the capacity to release GABA within the dStr (Figure 1b) . Because of their dense 05 arborization in the dStr, we hypothesized that they target SPNs, the principal neurons of the dStr. In support of 06 this idea, ultrastructural data suggest that pallidostriatal terminals are juxtaposed to spine-bearing dendrites in 07 the dStr (Mallet et al., 2012) . Consistent with our hypothesis, pan-neuronal optogenetic stimulation of the GPe 08 (hereafter 'pan-GPe' input) elicited inhibitory postsynaptic currents (IPSCs) in SPNs (Figure 1c) . In addition, 09 optogenetic stimulation of the pan-GPe input evoked IPSCs in dStr INTs, which were identified by their aspiny 310 dendrites (Figure 1c) . The biophysical properties of the IPSCs recorded from SPNs and INTs were thus 311 compared. While there was no difference in the synaptic latency, SPNs displayed a higher paired-pulse ratio 312 (PPR, 20 Hz) (SPNs = 1.41 ± 0.23, n = 92 cells; INTs = 0.75 ± 0.16, n = 25 cells; P < 0.0001), longer rise time 313 (SPNs = 5.9 ± 1.4 ms, n = 92 cells; INTs = 2.6 ± 1.0 ms, n = 25 cells; P < 0.0001), and longer decay time (SPNs 314 = 217.0 ± 44.0 ms, n = 92 cells; INTs = 177.0 ± 41.6 ms, n = 25 cells; P = 0.0277) compared to INTs. These 315 responses were abolished by application of the GABA A receptor antagonist SR95531 (10 μM) (Figure 1d) , 316 consistent with the GABAergic nature of the GPe (Fahn & Cote, 1968; Jessell et al., 1978; Oertel & Mugnaini, 317 1984; Oertel et al., 1984) . 318
Parvalbumin-expressing (PV + ) fast-spiking striatal interneurons (FSIs) are a subclass of INTs that play 319 a pivotal role in regulating striatal functions (Koos & Tepper, 2002; Tepper & Bolam, 2004; Tepper et al., 20 2008; Klaus et al., 2011; Gittis & Kreitzer, 2012) and were thus targeted in this analysis. In agreement with 321 previous anatomical observations (Bevan et al., 1998; Mallet et al., 2012) , activation of the pan-GPe input 22
produced IPSCs in all FSIs examined (Figure 2) . While there was no difference in the synaptic latency, SPNs 23 displayed a higher PPR (SPNs = 1.30 ± 0.12, n = 12 cells; FSIs = 0.75 ± 0.16, n = 17 cells; P < 0.0001), longer 24 rise time (SPNs = 5.2 ± 0.7 ms, n = 12 cells; FSIs = 2.8 ± 1.1 ms, n = 17 cells; P = 0.0015), and longer decay time 325
(SPNs = 284.0 ± 35.9 ms, n = 12 cells; FSIs = 195.7 ± 46.7 ms, n = 17 cells; P = 0.0051) compared to FSIs from 26 the same animals. However, as FSIs account for only a small fraction of the total striatal INT population, it is 327 very likely that additional subclasses of INTs also receive GPe input, as suggested by an earlier study (Bevan et 28 al., 1998) . 29
GPe input targets both dSPNs and iSPNs 331
As the balance in the activity of direct-pathway SPNs (dSPNs) and indirect-pathway SPNs (iSPNs) in the dStr is 32 crucial for proper motor control (Albin et al., 1989; DeLong, 1990; Kravitz et al., 2010; Freeze et al., 2013; 33 Calabresi et al., 2014; Sippy et al., 2015) , it is important to further examine the functional connectivity of the 34 pallidostriatal input to both populations of SPNs. To avoid the confounding effects of variable viral infection 335 and inconsistent preservation of pallidostriatal axons in the slice preparation on the elicited responses, dSPNs 36 and iSPNs within ~150 μm of each other were compared as dSPN-iSPN 'pairs' (see Materials and Methods) . 337
Identical stimulation site and light intensity were used for both neurons in each given paired recording. Using 38 these conditions, iSPNs consistently exhibited larger IPSC amplitude compared to those from their dSPN 39 matched pairs (iSPNs = 94.1 ± 30.0 pA, dSPNs = 52.5 ± 22.2 pA, n = 12 pairs; P = 0.0122). However, there was 40 no difference in PPR (dSPNs = 1.58 ± 0.29, iSPNs = 1.47 ± 0.28, n = 11 pairs; P > 0.9999), rise time (dSPNs = 341 6.8 ± 1.2 ms, iSPNs = 5.1 ± 1.0 ms, n = 11 pairs; P = 0.0537), or decay time (dSPNs = 253.4 ± 38.2 ms, iSPNs = 42 210.6 ± 8.5 ms, n = 11 pairs; P = 0.2061) between dSPNs and iSPNs. Notably, the GPe-SPN IPSC population 43 data are consistent with all of these findings ( Table 2) . 44
45
Npas1 + neurons constitute the primary GPe input to SPNs 46
The predominant projection from the GPe to the dStr has been proposed to originate primarily from PV-347 negative (PV -) neurons (Kita & Kita, 2001; Hoover & Marshall, 2002; Mallet et al., 2012; Mastro et al., 2014) . 48
However, discordant results have been observed (Kita et al., 1999) . As neurons that form the pallidostriatal 49 projection are likely target cell-specific (Bevan et al., 1998) , we used a monosynaptic rabies virus-tracing 50 method (Ugolini, 2011; Callaway & Luo, 2015; Ghanem & Conzelmann, 2015) to examine the identity of the 351 GPe neurons that synapse onto SPNs.
352
To target dSPNs and iSPNs, Drd1a-Cre mice and Drd2-Cre mice were used, respectively (Figure 3a ). 353
Consistent with previous studies that employed rabies viruses to map cortical inputs to SPNs (Wall et al., 2013; 54 Deng et al., 2015; Guo et al., 2015; Kim et al., 2015; Reardon et al., 2016) , widespread, retrogradely-labeled 355 neurons were evident in the cortex (Figure 3b ). In addition, retrograde labeling of GPe neurons was also 56 evident (Figure 3b) , thus corroborating the electrophysiological analysis demonstrating that connections 357 between GPe neurons and SPNs were monosynaptic. Furthermore, immunohistochemical staining for PV 58 revealed that only a small fraction of these retrogradely-labeled GPe neurons were PV + (0.0 ± 0.0%, n = 164 59 cells). This is statistically different from the abundance of PV + neurons in the total GPe population (55.3 ± 60 6.2%, n = 1792 cells, P < 0.0001). As the expression patterns of PV and the transcription factor Npas1 in the 361 GPe are segregated (Flandin et al., 2010; Nobrega-Pereira et al., 2010; Abdi et al., 2015; Hernandez et al., 62 2015) , we hypothesize that these SPN-targeting, PV -GPe neurons are largely Npas1 + . 63 transgenic lines to further assess the contribution of these two populations of GPe neurons to the pallidostriatal 65 projection to SPNs. A CreOn ChR2-eYFP-expressing AAV was used to visualize the Npas1 + and PV + GPe input 66 to the dStr in Npas1-Cre mice and Pvalb-Cre mice, respectively. As illustrated in Figure 3c , Npas1 + GPe 367 neurons exhibited widespread and dense axonal arborization within the dStr. On the other hand, the density of 68 eYFP-labeled PV + GPe axons was much lower (Npas1 + = 18.6 ± 5.7 a.u., n = 9 ROIs; PV + = 4.3 ± 1.2 a.u., n = 9 69 ROIs; P < 0.0001) (Figure 3d ). As our ability to selectively express ChR2-eYFP in distinct GPe cell types 70 (Npas1 + neurons vs. PV + neurons) is crucial to our analysis, we assessed the presence of photocurrent in 371 genetically-identified Npas1 + neurons and PV + GPe neurons. Npas1 + GPe neurons in Npas1-Cre mice expressed 372 photocurrent at the same percentage as PV + GPe neurons did in Pvalb-Cre mice (Npas1-Cre = 91.7%, n = 12 373 cells; Pvalb-Cre = 88.9%, n = 36 cells; P = 1.0000); photocurrent was observed in none of the non-Cre-374 expressing GPe neurons (Npas1-Cre = 0 of 21 cells; Pvalb-Cre = 0 of 44 cells). Optogenetic stimulation of the 375 PV + GPe input yielded a smaller IPSC amplitude relative to the Npas1 + GPe input in both dSPNs (PV + input = 0 376 ± 0 pA, n = 23 cells; Npas1 + input = 64.5 ± 21.6 pA, n = 27 cells; P < 0.0001) and iSPNs (PV + input = 0 ± 0 pA, 377 n = 13 cells; Npas1 + input = 138.2 ± 50.9 pA, n = 29 cells; P < 0.0001) (Figure 3d ). This is consistent with the 78 observations that GPe PV + neurons target primarily FSIs and other INTs but not SPNs in the dStr (Bevan et al., 379 1998; Mastro et al., 2014) . As only a small subset of SPNs sampled received the PV + GPe input (see below), the 80 median of IPSCs amplitude is zero. 381
Given that Npas1 + GPe neurons appeared to constitute the main pallidostriatal input to SPNs, we 82 further analyzed the Npas1 + GPe input to dSPN-iSPN pairs. Stimulation of Npas1 + GPe neurons yielded IPSCs 83 in iSPNs with larger amplitude (iSPNs = 134.1 ± 40.3 pA; dSPNs = 55.3 ± 23.5 pA; n = 17 pairs; P = 0.0017) 84 relative to IPSCs in dSPNs. In contrast, there was no difference in PPR (dSPNs = 1.18 ± 0.17; iSPNs = 1.26 ± 85 0.13; n = 16 pairs; P = 0.6322), rise time (dSPNs = 5.6 ± 0.7 ms; iSPNs = 5.6 ± 1.1 ms; n = 16 pairs; P = 86 0.2030), and decay time (dSPNs = 247.0 ± 50.1 ms; iSPNs = 234.1 ± 28.0 ms; n = 16 pairs; P = 0.5966) 87 (Figure 3f-g ). These findings largely recapitulated the differences seen with the pan-GPe input ( Table 2) , 88 further demonstrating that the GPe input to SPNs arises primarily from Npas1 + GPe neurons. 89
To further delineate the relative contribution of Npas1 + GPe neurons to the total pallidostriatal input to 90
SPNs, a comparative analysis of the response rate of SPNs to different GPe inputs was performed. At the 391 population level, over 90% of all recorded SPNs (dSPNs = 92.6%, n = 27 cells; iSPNs = 96.6%, n = 29 cells) 92 received input from Npas1 + GPe neurons. In contrast, a much smaller fraction of recorded SPNs receive input 93 from PV + GPe neurons (dSPNs = 39.1%, n = 23 cells; iSPNs= 23.1%, n = 13 cells; P < 0.0001) (Figure 3h) . As 94 multiple SPNs (n = 6 ± 2 cells) were typically sampled from each mouse, the response rate of SPNs to GPe 95 input was computed for each mouse. In agreement with the population data, the response rate of SPNs to 96 Npas1 + GPe input across mice was consistently high (dSPNs = 100 ± 0%, n = 9 mice; iSPNs = 100 ± 0%, n = 9 397 mice), whereas the response rate of SPNs to PV + GPe input was low (dSPNs = 0 ± 33.4%, n = 6 mice; iSPNs = 0 98 ± 0%, n = 5 mice; P = 0.0002) (Figure 3h) . To confirm that the relatively low response rate with viral-99 mediated optogenetic stimulation of PV + GPe neurons was not a result of unreliable ChR2 expression, 00 additional experiments were performed with a mouse line carrying a floxed-stop ChR2-eYFP allele driven by 401 the Pvalb promoter. Experiments with this mouse line yielded similar results to those derived using the viral 02 approach (9.1%, n = 11 cells; P = 0.1467). Lastly, as the GPe contains cholinergic GPe neurons (Gritti et al., 03 2006; Nobrega-Pereira et al., 2010; Abdi et al., 2015; Hernandez et al., 2015) that have the potential to co-04 release GABA (Tkatch et al., 1998; Saunders et al., 2015) , their input to SPNs was examined with the ChAT-Cre 05 and floxed-stop ChR2-eYFP mice. However, direct GABAergic input to SPNs from cholinergic GPe neurons was 06 not detected (0%, n = 7 cells). Altogether, optogenetics-based mapping experiments corroborate the rabies 07 tracing findings that Npas1 + GPe neurons constitute the primary pallidostriatal projection to both dSPNs and 08 iSPNs. To demonstrate that the connection between Npas1 + GPe neurons and SPNs is monosynaptic, GABA 09 transmission was monitored under conditions in which action potential propagation was blocked (with 1 µM 410 tetrodotoxin and 100 µM 4-aminopyridine) (Petreanu et al., 2009) . Terminal field stimulation of the Npas1 + 411
GPe input successfully evoked IPSCs in 9 out of 9 SPNs, thus confirming the monosynaptic nature of this 412
connection. 413
We have previously observed a low density of axonal projections from the Npas1 + GPe neurons to the 414 subthalamic nucleus neurons (STN) (Hernandez et al., 2015) . To further investigate the differences in the 415 projection characteristics of Npas1 + GPe neurons and PV + GPe neurons, we examined the spatial relationship 416 between VGAT and GPe-STN axons. As illustrated in (Hoover & Marshall, 1999; 2002; Mastro et al., 2014; Abdi et al., 2015; Hernandez et al., 2015) . 25
GPe-SPN input is enhanced following chronic 6-OHDA lesion 427
Compelling evidence suggests that pathological activity in the GPe contributes to motor symptoms in PD 28 (Zaragoza et al., 1992; Hauber et al., 1998; Rajput et al., 2008; Johnson et al., 2012; Vitek et al., 2012; Abedi et 29 al., 2013) . In PD animal models, GPe neurons exhibit reduced firing rates ex vivo and in vivo (Filion & 30 Tremblay, 1991; Mallet et al., 2008; Chan et al., 2011; Lemaire et al., 2012; Hernandez et al., 2015) . Since the 431 imbalance in information processing between the direct and indirect dStr projection pathways has been 32 strongly linked to motor symptoms in PD (Albin et al., 1989; DeLong, 1990; Kravitz et al., 2010) , it is 33 important to determine the physiological effects of chronic dopamine depletion on pallidostriatal signaling in 34
SPNs. In this study, we employed unilateral stereotaxic lesions of the nigrostriatal pathway using the injection 35 of the neurotoxin 6-hydroxydopamine (6-OHDA). 6-OHDA injected mice that exhibited sensorimotor 36 behavioral deficits associated with a near-complete chronic unilateral lesion of the nigrostriatal pathway (Chan 437 pallidostriatal input. 39
An increase in the IPSC amplitude of the pan-GPe input to dSPNs (naïve = 56.9 ± 19.1 pA, n = 35 cells; 40 6-OHDA = 99.8 ± 47.2 pA, n = 19 cells; P = 0.0285) and iSPNs (naïve = 89.5 ± 41.4 pA, n = 47 cells; 6-OHDA = 441 240.4 ± 98.8 pA, n = 36 cells; P < 0.0001) was observed following chronic 6-OHDA lesion (Figure 5a & c) . 42
Similarly, there was an increase in IPSC amplitude of the Npas1 + GPe input to both dSPNs (naïve = 64.5 ± 21.6 43 pA, n = 27 cells; 6-OHDA = 164.7 ± 91.0 pA, n = 20 cells; P = 0.0036) and iSPNs (naïve = 138.2 ± 50.9 pA, n = 44 29 cells; 6-OHDA = 311.3 ± 194.2 pA, n = 29 cells; P = 0.0026) in chronic 6-OHDA lesioned mice (Figure 5b  45 
& d).
The IPSC amplitude of the PV + GPe input to iSPNs increased (naïve = 0 ± 0 pA, n = 13 cells; 6-OHDA = 46 46.8 ± 46.8 pA, n = 20 cells; P = 0.0367) following chronic 6-OHDA lesion, but there was no alteration of the 447 PV + GPe input to dSPNs (naïve = 0 ± 0 pA, n = 23 cells; 6-OHDA = 37.6 ± 37.6 pA, n = 11 cells; P = 0.2282). 48
When neighboring dSPNs and iSPNs were compared as matched pairs, we found that chronic 6-OHDA lesion 49 did not alter the relative strength of the GPe input to iSPNs and dSPNs, as represented by the ratio of the IPSC 50 amplitudes of iSPNs to those of dSPNs (pan-GPe naïve = 1.53 ± 0.39, n = 11 pairs; pan-GPe 6-OHDA = 3.94 ± 1.42, n 451 = 11 pairs; P = 0.1007; Npas1 + input naïve = 2.04 ± 0.89, n = 16 pairs; Npas1 + input 6-OHDA = 1.76 ± 0.44, n = 14 52 pairs; P > 0.9999). Additionally, using the proportion of responder neurons as a metric, no alteration in the 53 gross connectivity pattern to SPNs before and after chronic 6-OHDA lesion was observed for Npas1 + GPe input 54 (naïve = 94.6%, n = 56 cells; 6-OHDA = 93.9%, n = 49 cells; P = 1.0000). However, more SPNs responded to 455 PV + GPe input after chronic 6-OHDA lesion (naïve = 29.4%, n = 34 cells; 6-OHDA= 58.1%, n = 31 cells; P = 56 0.0255). Furthermore, IPSC amplitude from the pan-GPe input to PV + FSIs was also not altered following 457 chronic 6-OHDA lesion (naïve = 600.7 ± 491.5 pA, n = 17 cells; 6-OHDA = 868.7 ± 530.1 pA, n = 31 cells; P = 58
0.1054). 59 60
GPe input dampens SPN output in chronic 6-OHDA lesioned mice 461
Our data firmly established a connection between the GPe and SPNs. However, the functional role of this 62 inhibitory pathway has not been illustrated. The prevailing circuit model predicts that the loss of dopaminergic 63 input to the basal ganglia in PD creates an imbalance in the output of SPNs (Albin et al., 1989) . Because of the 64
GABAergic nature of the GPe-SPN input, strengthening of this connection should dampen SPNs' output. 65
To assay the functional impact of the GPe-SPN input, we measured its effect on SPN firing driven by 66 current injection. In the absence of optogenetic stimulation, naïve iSPNs were more excitable than naïve 467 dSPNs, consistent with previous studies (Kreitzer & Malenka, 2007; Gertler et al., 2008; Chan et al., 2012; 68 Fieblinger et al., 2014) . As severing of axons is a common problem with all ex vivo slice preparations, we 69 stimulated the terminal field of the pallidostriatal axons to recruit the maximum number of synapses 70 distributed across the entire somatodendritic axis of the recorded SPNs (Gertler et al., 2008) . In keeping with 471 the GABAergic nature of the GPe-SPN input, its activation suppressed firing in SPNs. This action was abolished 472 upon the application of GABA A receptor antagonists (SR95531 and picrotoxin) (Figure 5e ). To avoid the 473 confounding effects associated with unintentional activation of local striatal neurons, only the GPe was 474 stimulated in subsequent experiments. We found that dSPNs and iSPNs from both naïve and chronic 6-OHDA 475 lesioned mice exhibited a decrease in firing in response to the pan-GPe input (Figure 5e-f) . Importantly, 476 iSPNs from chronic 6-OHDA lesioned mice exhibited a larger reduction in firing compared to the effect seen in 477 naïve iSPNs (naïve = 94.0 ± 3.1%, n = 10 cells; 6-OHDA = 85.5 ± 3.8%, n = 6 cells; P = 0.0017) (Figure 5e-f) . 78
Similarly, 6-OHDA dSPNs also yielded a larger reduction in firing compared to the response in naïve dSPNs 479 (naïve = 95.1 ± 3.6%, n = 10 cells; 6-OHDA = 87.1 ± 3.8%, n = 6 cells; P = 0.0415). 80
481
GPe inputs to dSPNs and iSPNs are enhanced via distinct mechanisms 82
What could explain the enhancement of the GPe input following chronic 6-OHDA lesion? One possible 83 explanation for the slow kinetics of the pallidostriatal response in SPNs (relative to INTs) is that it originates in 84 the dendrites. If this is correct, then a shift in the location of the GPe-SPN synapses toward more proximal sites 85 or even somatic regions would explain the increased amplitude of the IPSCs measured with patch electrodes at 86 the soma. To examine this possibility, we investigated the spatial relationship between GPe axons and SPN 87 dendrites in ex vivo tissue slice using spinning-disk confocal microscopy. As illustrated in Figure 6a -b, 88 apposition of GPe axons to dendrites of dSPNs and iSPNs was readily observed. By examining the branching 89 structures of SPN dendrites, we discovered that approximately 90% of all GPe-SPN contacts were formed on 90 the secondary (dSPNs = 46.3%, n = 31 contacts; iSPNs = 43.9%, n = 47 contacts), tertiary (dSPNs = 38.8%, n = 491 26 contacts; iSPNs = 23.4%, n = 25 contacts), and quaternary (dSPNs = 7.5%, n = 5 contacts; iSPNs = 4.7%, n = 92 5 contacts) dendrites (Figure 6c ). Contacts on somatic regions (dSPNs = 1.5%, n = 1 contact; iSPNs = 18.7%, n 93 = 20 contacts) and primary dendrites (dSPNs = 4.5%, n = 3 contacts; iSPNs = 9.3%, n = 10 contacts) of SPNs 94 were scarce. The relative distribution of GPe-SPN contacts in different subcellular compartments differs 95 between dSPNs and iSPNs (P = 0.0039). 96
Additionally, the positions of contacts made by GPe axons along the somatodendritic axis of SPNs were 497 determined by their Euclidean distance from the soma. We found that GPe-iSPN contacts were located closer 98 to the soma than GPe-dSPN contacts (dSPNs = 52.0 ± 10.4 μm, n = 67; iSPNs = 39.9 ± 15.0 μm, n = 107 99 contacts; P < 0.0001), consistent with the larger and faster pallidostriatal IPSCs in iSPNs relative to dSPNs. 00
Furthermore, we observed that GPe-SPN contact locations were closer to the cell body of dSPNs following 501 chronic 6-OHDA lesion (naïve = 52.0 ± 10.4 μm, n = 67 contacts; 6-OHDA = 48.4 ± 9.2 μm, n = 18 contacts; P 02 = 0.0363). This shift could explain the increase in the strength of the pallidostriatal response in dSPNs. In 03 contrast, GPe-SPN contact locations were shifted away from the cell body of iSPNs following chronic 6-OHDA 04 lesion (naïve = 39.9 ± 15.0 μm, n = 107 contacts; 6-OHDA = 49.3 ± 14.7 μm, n = 38 contacts; P = 0.0367). This 05 is unexpected given the enhancement of the pallidostriatal response amplitude observed in iSPNs following 06 chronic 6-OHDA lesion. 07
Given the difference in the extent of the enhancement of the pallidostriatal IPSCs in dSPNs and iSPNs 08 after chronic 6-OHDA lesion, we hypothesized that postsynaptic mechanisms, such as upregulation of 09 postsynaptic GABA A receptor expression, were involved. To this end, we performed qPCR analysis on FACS-510 purified dSPNs and iSPNs in naïve and chronic 6-OHDA lesioned mice. This revealed that the transcript 511 OHDA lesion, further supporting our argument that the change in the location of the GPe synaptic contacts 513 accounts for the increased GPe input to this cell type. In contrast, more complex changes were observed in 514 iSPNs (Figure 7a ). Of note, the upregulation of α2-subunit (1.33 ± 0.08 fold; P = 0.0330) and γ2-subunit 515 (1.30 ± 0.12 fold; P = 0.0031) following chronic 6-OHDA lesion should promote surface-particularly 516 synaptic-expression of GABA A receptors in iSPNs. The transcript abundance of different GABA A subunits in 517
SPNs and their alterations following chronic 6-OHDA lesion are listed in Table 3 . Furthermore, we have 518 previously demonstrated that an increase in the expression of the γ2-subunit underlies the strengthening of the 519
GPe-STN synapse following chronic 6-OHDA lesion (Fan et al., 2012) . We employed GABA uncaging to assess 20 the total surface expression of GABA A receptors on iSPNs to avoid any confounding presynaptic factors that 521 would affect the responses. Consistent with our hypothesis, chronic 6-OHDA lesion resulted in a ~two-fold 22 increase in the uncaging response amplitude (naïve = 387.8 ± 90.8 pA, n = 22 cells; 6-OHDA = 832.6 ± 110.1 523 pA, n = 10 cells; P < 0.0001) and net charge transfer (naïve = 99.3 ± 42.9 pC, n = 22 cells; 6-OHDA = 270.8 ± 24
60.1 pA, n = 10 cells; P < 0.0001) following chronic 6-OHDA lesion (Figure 7b-c) . A modest but consistent 525 increase in the uncaging responses was also found in dSPNs following chronic 6-OHDA lesion (naïve = 307.4 ± 26 113.3 pA, n = 16 cells; 6-OHDA = 428.0 ± 107.4 pA, n = 10 cells; P = 0.0467) (data not shown). The increase in 527 the uncaging responses relative to the median of their respective naïve controls was larger in iSPNs than in 28 dSPNs (dSPNs = 1.39 ± 0.35-fold, n = 10 cells; iSPNs = 2.15 ± 0.28-fold, n = 10 cells; P = 0.0354). Altogether, 29 these data support the involvement of postsynaptic mechanisms underlying the increased pallidostriatal 30 response amplitude in iSPNs in the chronic 6-OHDA lesioned mice. 531
532
Activation of Npas1 + GPe neurons suppresses motor output 533
The synaptic connections to SPNs suggest that Npas1 + GPe neurons are important for motor function. This idea 34 is consistent with recent literature showing the correlation between movements and unit activity (Dodson et 535 al., 2015; Mallet et al., 2016) . To interrogate the role of Npas1 + GPe neurons in motor output, a chemogenetic 36 approach (Armbruster et al., 2007; Sternson & Roth, 2014) was used. Ambulatory activity of Npas1-Cre mice 537
were assessed. Chemogenetic activation of DREADD hM3Dq-expressing Npas1 + GPe neurons with systemic 38 administration of CNO (baseline = 6.0 ± 4.1 s, CNO = 26.4 ± 5.6 s, vehicle = 17.0 ± 4.5 s, n = 9 mice) increased 39 the amount of time that the mice spent motionless relative to baseline (P = 0.0273). This effect was also 40 different from vehicle control (P = 0.0039). Control Npas1-Cre (baseline = 10.2 ± 10.2 s, CNO = 5.7 ± 4.5 s, 541 vehicle = 16.7 ± 14.1 s, n = 9 mice) showed no responsiveness to systemic administration of CNO when 42 compared to baseline (P = 0.6406) or to vehicle (P = 0.1641). Concordantly, the effect of CNO on time spent 43 motionless was significantly greater in Npas1-Cre mice with DREADD hM3Dq expression in the GPe than in 44 control mice (control = 5.7 ± 4.5 s, n = 9 mice; hM3Dq = 26.4 ± 5.6 s, n = 9 mice; P = 0.0056). 545 46 547 Discussion (1561 words) 48 connectivity pattern. In this study, we demonstrated that Npas1 + neurons provide the principal GPe input to 50 both dSPNs and iSPNs. Following chronic dopamine lesion, there is an enhancement of the GPe input to both 551 dSPNs and iSPNs. While the strengthening of the GPe inputs to the dSPNs arise from an increase in proximal 552 contacts, the strengthening of the GPe inputs to the iSPNs is likely a result of an increased postsynaptic GABA A 553 receptor expression. Activation of the GPe inputs dampens the excitability of SPNs, especially in the chronic 6-554 OHDA lesioned state. Finally, chemogenetic activation of Npas1 + GPe neurons increases the time that the mice 555 spend motionless. Together these data describe a novel inhibitory pathway of the basal ganglia relevant to the 556 akinetic symptoms of PD. 557 58 Npas1 + neurons constitute the principal GPe input to SPNs 559 Altogether, the axonal arborization pattern and cell-targeting properties of the Npas1 + neurons are consistent 60 with those of 'arkypallidal' GPe neurons (Mallet et al., 2012; Hegeman et al., 2016) . The rabies tracing 561 experiments demonstrated a monosynaptic connection between PV -GPe neurons and SPNs (Figure 3) . While 62 this corroborates our earlier findings (Hernandez et al., 2015) , it is at odds with a previous study that showed 63 no input from the GPe to SPNs using similar approaches (Wall et al., 2013) . The reason for this discrepancy is 64 unclear but it may be due to nuanced differences in the viral preparations. Importantly, our development of the 565
Npas1-Cre mouse (Hernandez et al., 2015) enabled us to demonstrate that Npas1 + GPe neurons constitute the 66 principal pallidostriatal input to both dSPNs and iSPNs. In particular, IPSC characteristics of the Npas1 + GPe-567 SPN input (Figure 3 ) largely recapitulate those of the pan-GPe-SPN input (Table 2) , including the increased 68 strength of the GPe-SPN input in the chronic 6-OHDA lesioned condition ( Figure 5 ). In contrast, PV + neurons 69 exhibit only limited connectivity to SPNs (Figure 3) . 70
Unlike PV + GPe neurons, which provide a strong input to the STN, Npas1 + GPe neurons provide only a 571 weak input to this nucleus, as indicated by the differing response amplitudes of these projections (Figure 4) . 572
This further demonstrates that Npas1 + GPe neurons exhibit the axonal arborization patterns of arkypallidal 573 neurons (Mallet et al., 2012) and is consistent with previous findings that Foxp2 (a definitive marker for 574 arkypallidal neurons) is expressed in the majority of Npas1 + GPe neurons (Abdi et al., 2015; Dodson et al., 575 2015; Hernandez et al., 2015) . Given the ontogenic and molecular complexity of Npas1 + neurons (Flandin et 576 al., 2010; Nobrega-Pereira et al., 2010; Abdi et al., 2015; Dodson et al., 2015; Hernandez et al., 2015) , it is 577 possible that the STN-projecting Npas1 + neurons are a subclass of Npas1 + GPe neurons corresponding to the 578 GPe neurons that have been shown to send axons both upstream to the dStr and downstream to the STN in 579 single-neuron tracing studies (Bevan et al., 1998; Sato et al., 2000; Fujiyama et al., 2015) . It is worthwhile to 80 note that the Lhx6-expressing (Lhx6 + ) population straddles multiple classes of GPe neurons (including both 581 Npas1 + neurons and PV + neurons) and does not correspond to the arkypallidal neurons (Gittis et al., 2014; 82 Abdi et al., 2015; Dodson et al., 2015; Hernandez et al., 2015; Hegeman et al., 2016) . However, it remains to be 83 seen if Npas1 + -Lhx6 + GPe neurons correspond to this STN-projecting subclass of Npas1 + GPe neurons. 84 within the STN (Xiao et al., 2015) . 86 587
Network activity and the GPe input in Parkinsonian mice 88
There are several mechanisms by which Npas1 + GPe input can control motor output. First, it has been shown 89 that activation of STN neurons is sufficient to stop action (Gittis et al., 2014) . We speculate that Npas1 + GPe 90 neurons are downstream synaptic partners of the STN and that this connection serves to suppress competing 591 motor programs. This idea is supported by computational modeling suggesting that pallidostriatal neurons are 92 the primary postsynaptic partners of STN neurons (Nevado-Holgado et al., 2014) . While "Stop" signals from 93 the STN lead to only transient excitation of substantia nigra pars reticulata neurons, it is thought that an 94 additional pathway must mediate the inhibition of "Go" signals for full behavioral stopping to occur (Schmidt 595 et al., 2013) . A recent study proposed that appropriately-timed inhibition of the dStr by arkypallidal neurons 96 may play a role in action suppression (Schmidt et al., 2013; Mallet et al., 2016) . However, the postsynaptic 597 partners and the properties of this connection were previously not known. Our present study provides the 98 cellular correlates that mediate this signal-by inhibiting dSPNs ("Go" signals), Npas1 + GPe input likely 99 contribute to action suppression. On the other hand, inhibition of iSPNs ("No-go" signals) by Npas1 + GPe 00 neurons should facilitate action. It is now clear that coordinated activation of both dSPNs and iSPNs occurs 601 during an action (Kravitz et al., 2010; Freeze et al., 2013; Calabresi et al., 2014; Sippy et al., 2015) . However, 02 additional mechanisms, such as neuromodulatory control, must exist to dictate selective inhibition of dSPNs 03 over iSPNs (and vice versa) by Npas1 + GPe neurons. The alterations in this neuromodulatory signal in PD may 04 contribute to motor dysfunction. 05
In addition to action suppression, Npas1 + GPe neurons may serve as a gain control for the striatum. It 06 has been previously demonstrated that a nonspecific inhibitory input can facilitate information processing in 07 this manner (Laurent, 2002; Isaacson & Scanziani, 2011) . It is appealing to propose that by projecting across a 08 broad area of the striatum, Npas1 + GPe input has the potential to dampen the responses of large populations of 09 unpreferred (i.e., weak) excitatory events onto SPNs, thus promoting the activity of SPNs that are receiving 610 preferred (i.e., strong and well-timed) excitatory events (Burrone & Murthy, 2003; Semyanov et al., 2004; 611 Silver, 2010) (see Hegeman et al., 2016 for further discussion). Consistent with this idea, Npas1 + GPe input 612 synapses preferentially on dendritic regions of both dSPNs and iSPNs. This synaptic organization is similar to 613 that formed by the local collaterals of SPNs, but contrasts with the majority of the GABAergic inputs, which 614 synapse onto the cell body and proximal dendrites of SPNs (Wilson, 2007; Sizemore et al., 2016) . In the 615 dopamine-depleted state, iSPNs exhibit selective enhancement of the strength of their excitatory cortical input 616 (Day et al., 2006; Peterson et al., 2012) . Under these conditions, the strengthened, dendritically-targeted 617 Npas1 + GPe input to iSPNs should counteract their increased excitatory cortical drive and correct aberrant 618 network changes linked to motor symptoms in PD. However, as the strength of the Npas1 + GPe input to both 619 dSPNs and iSPNs is increased following chronic 6-OHDA lesion (Figure 5) , it is not clear from a parallel 20 pathway perspective whether the alterations are likely to be beneficial or maladaptive. On the other hand, as 621 2000; Cui et al., 2013; Tecuapetla et al., 2014) , we propose that a reduction of the Npas1 + GPe input, which 23 provides a spatially-broad inhibition of both dSPNs and iSPNs across the dStr, is permissive to the initiation 24 and execution of somatotopically-complex motor sequences. Conversely, inappropriate strengthening of this 25 Npas1 + GPe input to both dSPNs and iSPNs should suppress movements. This model is consistent with the 26 finding that PD patients experience difficulty in performing volitional movements (Lang & Lozano, 1998; 627 Dauer & Przedborski, 2003; Fahn, 2003; Redgrave et al., 2010) . This idea is supported by the chemogenetic 28 experiments in which the activation of Npas1 + GPe neurons increases the amount of time that the mice spend 29 motionless (Figure 8) . 30
Lastly, along with targeting SPNs, this study and others have demonstrated that the pallidostriatal 631 projection targets INTs (Bevan et al., 1998; Mallet et al., 2012; Mastro et al., 2014) . It is conceivable that the 32
GPe provides a targeted input to a subset of striatal interneurons, as suggested previously (Bevan et al., 1998; 33 Mastro et al., 2014) . As interneurons are central to network synchronization and rhythms (Freund, 2003; 34 Berke et al., 2004; Bartos et al., 2007; Uhlhaas & Singer, 2010; Gittis et al., 2011; Allen & Monyer, 2015) , 35 future studies will be important to assess the functional alterations of the pallidostriatal input to different 36 interneuron classes in Parkinsonian conditions. These studies will help delineate the contribution of the 637 pallidostriatal input to the aberrant cross-coupling of different network-mediated oscillations in PD (Lopez-38 Azcarate et al., 2010; de Hemptinne et al., 2013; Lopez-Azcarate et al., 2013; Richardson, 2013; Yang et al., 39 2014) . In particular, appropriate control of β-oscillations (13-30 Hz) is crucial for motor output. In contrast, β-40 oscillations are prevalent in PD and their emergence correlates with the onset of hypokinetic symptoms (Kuhn 641 et al., 2004; Gatev et al., 2006; Little et al., 2012; Stein & Bar-Gad, 2013) . Increased β-oscillations are 42 observed in the dStr in Parkinsonian conditions (Courtemanche et al., 2003; Costa et al., 2006; Moran et al., 43 2011; Lemaire et al., 2012; Feingold et al., 2015) . Computational models suggest that GABA A conductances in 44
SPNs are important in regulating local membrane properties and, subsequently, the power of β-oscillations in 45 the dStr (McCarthy et al., 2011; Damodaran et al., 2014; Damodaran et al., 2015) . Our research findings 46 suggest that the strengthened Npas1 + GPe-SPN input may participate directly in the exaggerated β-oscillations 647 or indirectly via altered tuning of the local collateral and interneuron inputs within the dStr. 18.6 ± 5.7 a.u., n = 9 ROIs; PV + = 4.3 ± 1.2 a.u.; n = 9 ROIs, P < 0.0001, Mann-Whitney U test). (e) Response 89 amplitudes of the pan-, Npas1 + and PV + GPe input to dSPNs (magenta) and iSPNs (green) are summarized in 90 box plots. IPSC amplitude from the PV + GPe input was smaller relative to the Npas1 + GPe input in both dSPNs 091 (PV + input = 0 ± 0 pA, n = 23 cells; Npas1 + input = 64.5 ± 21.6 pA, n = 27 cells; P < 0.0001, Mann-Whitney U 92 test) and iSPNs (PV + input = 0 ± 0 pA, n = 13 cells; Npas1 + input = 138.2 ± 50.9 pA, n = 29 cells; P < 0.0001, 93
Mann-Whitney U test). IPSC amplitude was larger in iSPNs compared to dSPNs from both pan-GPe input 94 (iSPNS = 89.5 ± 41.4 pA, n = 47 cells; dSPNs = 56.9 ± 19.1 pA, n = 35 cells; P = 0.0220, Mann-Whitney U test) 95 and Npas1 + GPe input (dSPNs = 64.5 ± 21.6 pA, n = 27 cells; iSPNs = 138.2 ± 50.9 pA, n = 29 cells; P = 0.0002, 96
Mann-Whitney U test). summarizing the difference between naïve (green, left) and chronic 6-OHDA lesioned (dark green, right) mice 186 in uIPSCs amplitude (naïve = 387.8 ± 90.8 pA, n = 22 cells; 6-OHDA = 832.6 ± 110.1 pA, n = 10 cells; P < 187 0.0001, Mann-Whitney U test) and charge (naïve = 99.3 ± 42.9 pC, n = 22 cells; 6-OHDA = 270.8 ± 60.1 pC, n 188 = 10 cells; P < 0.0001, Mann-Whitney U test). Medians ± median absolute deviations and two-tailed P values 189 are listed. Medians, interquartile ranges, and 10-90 th percentiles are also presented in a graphical format. 190
Asterisks denote statistical significance level (*P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney U test and 191
Wilcoxon signed-rank test). 192 6.0 ± 4.1 s, CNO = 26.4 ± 5.6 s, n = 9 mice; P = 0.0273, Wilcoxon signed-rank test). This effect of CNO was 02 reversible (CNO = 26.4 ± 5.6 s, vehicle = 17.0 ± 4.5 s, n = 9 mice; P = 0.0039, Wilcoxon signed-rank test) and 03 was different from CNO in control Npas1-Cre mice (P < 0.01, Mann-Whitney U test). Right, the effects of CNO 04 on control mice (circles) and DREADD hM3Dq mice (crosses) are shown. Each symbol represents an individual 05 mouse. Medians ± median absolute deviations and two-tailed P values are listed. Medians, interquartile ranges, 06 and 10-90 th percentiles are also presented in a graphical format. Asterisks denote statistical significance level 07 (*P < 0.05, **P < 0.01, Mann-Whitney U test and Wilcoxon signed-rank test). 08 1 Amplitude (pA) **** N p a s 1 + P V + p a n -G P e N p a s 1 + P V + p a n -G P e Figure 4 GPe-STN terminals 
